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HYDROGEN  EFFECTS  IN  NICKEL  —  EMBRITTLEMENT  OR  ENHANCED  DUCTILITY? 
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H.K.  Birnbaura 

Department  of  Metallurgy  and  Mining  Engineering 
University  of  Illinois  at  Ur bana -Champaign 
Urbana,  Illinois  61801 


'“'in  the  present  work  we  have  attempted  to  study  hydrogen-related  fracture 
of  nickel  using  a  variety  of  experimental  methods  with  the  principle  aim  of 
establishing  the  mechanism  of  fracture.  Fracture  of  nickel  was  studied  in 
low  pressure  hydrogen  gas  and  for  specimens  containing  solute  hydrogen  using 
slow  strain  rate  tension  tests.  Both  intergranular  and  transgranular 
fracture  was  observed  on  testing  in  hydrogen  gas  depending  on  the  heattreat- 
ment  and  on  the  presence  of  trace  impurities  such  as  S,  Mn,  and  Mg.  The 
intergranular  fracture  mode  was  correlated  with  the  segregation  of  S  to  the 
grain  boundaries  as  measured  by  Auger  and  SIMS  techniques.  Specimens 
containing  solute  hydrogen  fractured  in  an  intergranular  mode  for  all  heat- 
treatments.  Detailed  examination  of  both  the  intergranular  and  transgranular 
fracture  surfaces  indicated  that  neither  v’as  a  truly  "brittle"  fracture  mode 
but  that  both  indicated  a  high  degree  of  local  ductility. 

The  effect  of  hydrogen  on  the  plastic  properties  of  nickel  was  examined 
using  stress  strain  techniques  and  in  ritu  deformation  in  an  environmental 
cell  in  the  HVEM.  It  was  shown  that  hydrogen  decreases  the  flow  stress  of 
nickel.  In  situ  environmental  cell  fracture  studies  in  hydrogen  gas  in  the 
HVEM  showed  that  the  fracture  process  resulted  from  locally  enhanced 
deformation  at  the  crack  tip  due  to  the  presence  of  hydrogen.  This  was  con¬ 
firmed  by  in  situ  fracture  studies  in  the  SEM. 


X.  Introduction 


Embrittlement  of  nickel  and  its  alloys  by  solute  and  gaseous 
hydrogen  is  well  established  and  has  been  extensively  studied.  Poly¬ 
crystalline  nickel  has  been  reported  to  fracture  in  a  brittle  inter¬ 
granular  (IG)  mode  when  charged  with  hydrogen  (1-3)  while  single  crystals 
containing  solute  hydrogen  fail  in  a  completely  ductile  mode  (3) .  Kamdar 
(4)  has  recently  reported  that  single  crystals  of  nickel  fracture  in  a 
transgranular  (TG)  mode  when  tested  in  gaseous  H  .  Both  single  and  poly¬ 
crystalline  Ni  specimens  exhibit  extensive  plasticity  prior  to  fracture 
so  the  process  can  hardly  be  considered  a  completely  brittle  one. 

Hydrogen  effects  have  also  been  noted  on  the  plastic  response  of  nickel 
with  solute  strengthening  and  Portevin-Le  Chatalier  effects  (5) . 

The  mechanisms  of  the  hydrogen-related  fracture  have  not  been  esta¬ 
blished  nor  has  it  even  been  shown  that  the  process  is  a  brittle  one. 

In  the  present  paper  we  will  summarize  a  series  of  experiments  carried 
out  at  the  University  of  Illinois  which  bear  on  the  question  of  what 
determines  the  fracture  path  and  what  the  fracture  mechanism  is.  While 
a  detailed- discussion  of  mechanisms  will  be  published  elsewhere  we  will 
show  in  this  paper  that  the  fracture  is  largely  a  result  of  localized 
plastic  processes  which  hydrogen  assisted. 


II.  Experimental  Procedures 

A  variety  of  alloys  of  Ni  were  prepared  to  study  the  effects  of 
trace  elements  on  the  fracture  and  deformation  behavior.  In  the  present 
paper  we  shall  review  the  results  obtained  for  the  alloys  specified  in 
Table  I.  Since  the  fracture  behavior  was  noted  to  be  extremely  sensitive 
to  the  S  distribution  ,  several  classes  of  heat  treatments  will  be 
discussed: 

Series  VR;  anneal  at  1573K  in  a  vacuum  of  1.3  x  10  3  Pa 
followed  by  a  200K/sec  quench  into  silicone  oil? 

Series  VS,  anneal  at  1573K  in  a  vacuum  of  1.3  x  10  ^  Pa,  quench 
into  silicone  oil,  age  at  1173K  for  3.6Ksec,  followed  by 
cooling  at  a  rate  of  0.03K/sec; 

Series  HR;  same  {)s  VR  above  except  the  annealing  and  quench 
took  place  in  10  KPa  of  gas  which  introduced  solute  H  at 

the  level  of  700  at. ppm.  (specimens  were  stored  at  77K  until 
used; 

Series  CR;  same  as  V'R  above  except  the  anneals  and  quenching 
took  place  in  CO/CO^  mixtures  which  were  controlled  to  adjust 
the  resulting  C  concentration; 

Series  CS;  same  as  VS  above  except  C0/C02  mixtures  were  used  as 
annealing  atmospheres.  ^ 

Various  specimen  configurations  including  single  crystals  and  rela¬ 
tively  large  grained  polycrystals  were  used  as  required  by  the  tests  and 
these  will  be  described  in  detail  el|ewher|.  Tensile  testing  was  carried 
out  at  strain  ratjes  of  about  2  x  10  sec  (or  as  subsequently 
specified)  in  10  KPa  H2  atmospheres,  vacuum,  helium  cr  air  as  required. 


Mg 


Mn 


W 

Table  I.  Concentrations  of  Significant  Alloy in 
Elements  in  the  Alloys  Studied 


Alloy /Heat  Treatment  C  S  H 


HP/VR 

3200 

44 

0 

0 

0 

HP/VS 

3200 

44 

0 

0 

0 

HP/CR 

140 

1.6 

0 

0 

0 

HP/CS 

140 

1.6 

0 

0 

0 

Cl/VR 

0 

2500 

900 

Cl/VS 

0 

2500 

900 

C2/HR 

280 

<  1 

700 

70 

<  1 

C3/CS 

* 

Atomic  ppm;  metallic  elements  by  spark  source  mass  spectroscopy,  inter¬ 
stitials  by  vacuum  fusion. 


III.  Results 


A.  Fracture  Path 

The  results  of  fracture  studies  on  polycrystalline  specimens  are 
shown  in  Table  II  where  the  values  listed  are  the  averages  over  many 
tests.  After  fracture  detailed  Auger  analysis  and  depth  profiling  was 
carried  out  on  the  IG  fracture  facets  and  on  the  TG  surfaces.  The 
results  of  the  Auger  analysis  clearly  showed-  (a)  a  high  level  of  sulfur 
segregation  on  the  IG  fracture  surfaces  of  specimens  HP/VS  and  HP/CS;  (b) 
no  significant  sulfur  segregation  on  the  IG  fracture  surfaces  of  speci¬ 
mens  HP/VR,  HP/CR  or  Cl/VR  or  Cl/VS;  (c)  no  significant  sulfur  segrega¬ 
tion  at  any  of  the  TG  fracture  surfaces;  (d)  no  significant  sulfur  segre¬ 
gation  at  the  IG  fracture  surfaces  at  specimens  C2/HR;  (e)  no  elements 
other  than  sulfur  exhibited  any  significant  segregation  at  the  fracture 
surfaces . 

The  extent  of  hydrogen  embrittlement  by  gaseous  or  solute  H  is 
clearly  shown  by  the  data  of  Table  II.  After  a  detailed  analysis  of  the 
results  (to  be  shortly  published)  we  conclude  the  following: 

(a)  The  fracture  path  in  specimens  containing  solute  hydrogen 
(C2/HR)  is  IG  over  the  temperature  range  300-123K  and  since 
these  specimens  do  not  have  S  segregation  at  grain 
boundaries  the  IG  fracture  does  not  depend  on  S  segrega¬ 
tion.  This  result  is  consistent  with  that  reported  for 
fatigue  fracture  of  Ni  (6) .  Nickel  specimens  containing 
solute  hydrogen  exhibit  IG  fracture  even  when  tested  in 

10  KPa  of  .  The  IG  fracture  is  observed  even  at  tempera¬ 
tures  (123K)  where  H  diffusion  is  very  slow  and  hydrogen 
diffusion  to  the  fracture  tip  can  not  take  place. 

(b)  The  fracture  mode  of  Ni  tested  in  gaseous  H  atmospheres 
depends  on  the  distribution  of  S  in  contrast  to  the 
behavior  of  specimens  containing  solute  hydrogen.  Speci¬ 
mens  treated  to  segregate  S  at  grain  boundaries  exhibit 
predominantly  IG  fracture  (HP/VS,  HP/CS)  while  in  the 
absence  of  S  segregation  TG  fracture  is  observed  (HP/VS, 
HP/CR) .  The  strain  to  failure  is  significantly  less  when 
the  fracture  mode  is  IG. 


(c)  The  presence  of  Mg  and  Mn  in  solid  solution  serve  to  trap 
the  S  and  prevent  segregation  at  grain  boundaries.  In 
these  alloys  (Cl/VR,  Cl/VS)  predominantly  TG  fracture  is 
observed  even  in  specimens  (Cl/VS)  given  an  anneal  which 
would  cause  S  segregation  and  IG  failure  in  the  absence  of 
Mg  and  Mn. 

(d)  At  the  level  of  C  concentrations  used  in  the  present  experi¬ 
ments  no  significant  effects  are  noted  on  the  ductility  of 
Ni  specimens  in  the  absence  of  H.  When  tested  in  gaseous 

H.  the  high  C  alloys  (HP/VR,  HP/VS)  exhibited  less 
ductility  loss  than  the  low  C  alloys  (HP/CR,  HP/CS) . 

(e)  The  difference  in  energy  between  the  IG  and  TG  fracture 
paths  must  be  relatively  small  as  the  fracture  surface  con¬ 
tains  elements  of  both  paths  in  all  cases. 

(f)  In  all  specimens  testing  in  air  or  inert  gases  resulted  in 
a  completely  ductile  behavior  with  failure  by  microvoid 
coalescence.  Sulfur  segregation  in  the  absence  of  solute  H 
or  gaseous  H.  had  no  effect  on  the  fracture  at  the  concen¬ 
tration  levels  of  the  present  experiments. 

(g)  The  TG  fracture  surfaces  had  surface  intersections  which 
were  parallel  to  the  {111}  slip  plane  traces.  By  carrying 
out  two  surface  analyses  of  the  fracture  planes  of  single 
crystals  tested  in  gaseous  hydrogen  the  fracture  plane  was 
determined  to  be  the  {111}.  This  contrasts  to  the  previous 
report  of  fracture  along  the  {110}  (7). 

Table  II.  Fracture  Characteristics 


Alloy/  Heat  Treatment 


Test  %  Reduction 

Atmosphere  in  Area 


Fracture  Mode 


HP/VR 

HP/VS 

HP/CR 

HP/CS 

Cl/VR 

Cl/VS 


H2 

Air 


“.2 

Air 


h2 

Air 


H, 

Air 


H2 

Air 


Vac. 

h2 


75  20%  IG  80%  TG 

95  Ductile  Microvoid 

35  70%  IG  30%  TG 

90  Ductile  Microvoid 


55  20%  IG  80%  TG 

95  Ductile  Microvoid 


14  80%  IG  20%  TG 

95  Ductile  Microvoid 

55  25%  IG  75%  TG 

90  Ductile  Microvoid 


60  20%  IG  80%  TG 

90  Ductile  Microvoid 


C2/HR 


26 


'v.  100%  IG 
~  100%  IG 


B.  Fractography 

A  large  number  of  interesting  features  were  noted  on  the  fracture 
surfaces  using  high  resolution  SEM  methods  and  these  will  be  discussed  in 
subsequent  publications.  At  the  present  time  we  will  focus  on  the 
generic  features.  Both  IG  and  TG  fracture  surfaces  were  not  truly 
"brittle”  but  showed  many  features  characteristic  of  a  high  degree  of 
local  plasticity.  The  IG  fracture  surfaces  obtained  in  specimens  con¬ 
taining  solute  H  or  fractured  in  gaseous  H  were  qualitatively  the  same. 
There  were  no  evident  features  which  could  be  ascribed  to  the  segregation 
of  S  at  the  grain  boundaries. 

Some  features  of  the  {ill}  TG  fracture  surfaces  are  shown  in  Fig.  1. 
Traces  of  intersecting  {ill}  slip  lines  were  observed  (Figs,  la  and  lc) 
as  were  small  hillocks  and  depressions,  the  sides  of  which  appeared  to 
correspond  to  the  intersecting  {ill}  (Figs,  lc  and  Id).  No  evidence  for 
microvoids  were  observed  in  contrast  to  a  previous  report  (7)  (Fig.  lb). 
Secondary  cracking  was  often  observed  (Figs,  le  and  If).  TG  cracking  in 
polycrystalline  specimens  showed  many  of  the  same  features  (Figs.  If,  lg 
and  lh)  but  since  the  {111}  fracture  plane  was  less  well  aligned  with  the 
tensile  axis,  the  TG  surfaces  were  often  more  highly  stepped.  The  sur¬ 
faces  shown  in  Fig.  1  are  clearly  not  the  result  of  a  true  cleavage  pro¬ 
cess  (they  are  of  the  type  often  designated  as  "quasi-cleavage")  and  give 
the  impression  of  a  high  degree  of  local  plasticity.  Identifiable  "river 
lines"  are  observed  but  are  significantly  less  sharply  defined  than  in 
true  cleavage. 

Similar  conclusions  may  be  drawn  from  the  IG  fracture  surfaces  as 
shown  in  Fig.  2.  Slip  line  markings  (Fig.  2a)  are  observed  as  are 
patches  of  highly  deformed  regions  (Fig.  2b).  Rarely  is  the  grain 
boundary  surface  revealed  by  IG  fracture  smooth  and  planar  as  would  be 
expected  if  the  fracture  were  due  to  "decohesion"  along  the  boundary. 

The  IG  fractographs  shown  in  Fig.  2  are  typical  of  those  produced  by 
solute  and  by  gaseous  hydrogen. 

C.  In-situ  Fracture  Studies 

The  course  of  fracture  was  studied  using  in-situ  SEM  and  HVEM  frac¬ 
ture  studies.  SEM  photographs  of  the  tips  of  propagating  cracks  for  Ni-H 
alloys  are  shown  in  Fig.  3.  Studies  of  the  video  tapes  of  IG  fractures 
clearly  show  the  occurrence  of  a  large  amount  of  slip  in  both  grains 
which  is  manifested  in  the  large  COD's  shown  in  Figs.  3a-3c.  Appreciable 
shear  across  the  grain  boundary  often  occurred  in  front  of  the  crack  tip 
(Fig.  3c).  The  crack  would  often  proceed  rapidly  along  a  grain  boundary 
until  it  intersected  a  triple  point  at  which  it  would  stop  until  suffi¬ 
cient  grain  boundary  shear  occurred  in  one  of  the  boundaries  in  front  of 
the  crack  tip.  In  many  cases  a  new  crack  would  open  along  the  grain 
boundary  in  front  of  the  main  crack  and  then  the  two  would  grow  together 
(Fig.  3a) . 

Similar  SEM  experiments  were  carried  out  in  H  gas  to  produce  TG 
fracture  as  shown  in  Fig.  3d.  Large  amounts  of  slip  can  be  seen  at  the 
surface,  some  of  which  is  due  to  the  deformation  obtained  before  the  frac¬ 
ture  began.  Again  there  clearly  is  a  good  deal  of  plasticity  accom¬ 
panying  the  crack  propagation  as  evidenced  by  the  COD.  No  evidence  for 
microvoid  formation  was  seen. 

A  more  detailed  study  of  the  TG  crack  tip  processes  was  carried  out 
using  a  tensile  stage  in  an  atmosphere  of  about  10  Pa  gas  in  the  HVEM 
and  will  be  published  in  detail  shortly.  Some  of  the  results  are  shown 
in  Fig.  4.  The  tip  of  a  fracture  occurring  in  vacuum  is  shown  in  Figs. 

4a  and  4b  which  show  a  noncrystal lographic  fracture  with  a  large 


deformation  zone  and  "holes"  opening  up  in  front  of  the  main  crack.  This 
corresponds  to  the  formation  of  microvoids.  In  contrast  to  this  the  crack 
tip  and  fracture  surface  in  H2  gas  is  highly  crystallographic  (Figs.  4c 
and  4d)  with  the  fracture  planes  parallel  to  the  {ill}  as  observed  in 
macroscopic  specimens.  An  extremely  high  dislocation  density  forms  in 
front  of  the  crack  tip  (Figs.  4e  and  4f)  and  is  observed  all  along  the 
crack  surfaces  (Fig.  4g)  .  The  deformation  is  very  highly  localized  along 
the  (ill)  slip  planes  in  front  of  the  crack  tip  rather  than  being  broadly 
distributed.  Examination  of  the  video  tapes  shows  that  the  fracture 
results  from  this  localized  deformation  by  a  shearing  of  one-half  of  the 
crystal  relative  to  the  other.  This  fracture  by  slip  on  {111}  results  in 
a  thinned  region  along  the  fracture  surface  which  is  bounded  by  {  111} 
plane  intersections  as  shown  in  Fig.  4d. 

While  the  detailed  relationships  between  the  HVEM  results  and  the 
fracture  of  macroscopic  specimens  cannot  be  discussed  in  detail,  it  is 
clear  that  both  are  the  result  of  highly  localized  plastic  processes  which 
occur  in  the  presence  of  H  solutes  or  gas.  A  detailed  correspondence 
between  the  fracture  details  is  not  expected  due  to  differences  in  stress 
states  but  the  sawtooth  {111}  fractures  (Figs.  4d  and  4h)  may  correspond 
to  the  features  shown  in  Figs,  lc  and  Id.  The  results  strongly  suggest 
that  slip  is  enhanced  by  the  presence  of  hydrogen. 

D.  Hydrogen  Effects  on  Plastic  Deformation 

Since  the  fracture  process  is  closely  related  to  a  localized  plasti¬ 
city  induced  by  hydrogen  we  examined  this  question  using  HVEM  and  tensile 
testing  techniques  the  results  of  which  will  be  reviewed.  Plastic  defor¬ 
mation  in  the  HVEM  in  vacuum  resulted  in  dislocation  motion  and  generation 
as  expected  (Fig.  5a).  The  specimen  displacement  was  held  ^onstant  and  «2 
gas  was  admitted  to  the  environmental  chamber.  At  about^lO  Pa  of  dis¬ 
locations  were  observed  to  begin  to  move  and  at  about  10  Pa  of  H2  rapid 
dislocation  generation  and  motion  occurred  resulting  in  the  structure 
shown  in  Fig.  5b.  Similar  experiments  using  He  gas  had  no  effect  on  the 
dislocation  structure  and  since  the  specimen  which  was  held  at  a  constant 
displacement  experienced  a  decreasing  stress  due  to  the  dislocation 
motion,  we  conclude  that  the  dislocation  generation  and  motion  was  due  to 
H  introduced  as  a  solute  from  the  gas  phase. 

As  a  further  demonstration  of  solute  softening  due  to  H,  low  strain 

2 

rate  tensile  tests  of  25  pm  sheet  specimens  were  carried  out  in  10  KPa  of 

H0  and  He  gas  atmospheres  with  the  typical  results  shown  in  Fig.  6.  At  high 
2  -5-1 

strain  rates,  e  *=  7x10  sec  ,  the  stress  strain  curves  are  identical  for 
He  and  1L  atmospheres.  In  contrast,  slower  strain  rates,  such  as  e  =  10 
sec  ,  showed  lower  flow  stresses  for  specimens  tested  in  Hg  as  compared  to 
those  tested  in  He  gas.  This  softening  is  observed  in  the  microstrain  range 
and  in  the  post  yield  region.  At  higher  strains  the  softening  effect  due  to 
H2  is  reduced . 

The  cause  of  this  decrease  in  flow  stress  due  to  H2  is  not  yet  esta¬ 
blished  but  it  has  the  general  characteristics  of  that  observed  on  electro- 
lytically  charging  Fe  with  H  during  deformation  (8).  We  have  measured  the 
activation  volume,  V*  **  (RT)"a  In  a/ at,  and  found  no  difference  between  the 
two  atmospheres.  One  significant  difference  is  the  "internal  stress" 


as  measured  by  the  "stress  dip  test".  Specimens  deformed  in  He  exhibited 

»  0.85  independent  of  the  c  as  expected  for  fee  metals.  In  con¬ 
trast,  deformation  in  H„  gas  resulted  in  a.  «  0.65  at  e  =  10  ^ 

2  mt'  flow 

which  increased  to  0.85  at  about  e  *  3.5  x  10  .  The  lower  o.  for  H 

xnt  2 

atmospheres  is  consistent  with  a  marked  difference  in  the  dislocation 

structure  as  observed  in  the  HVEM  experiments  and  the  increase  in  o.  is 

int 

also  consistent  with  H  enhanced  plasticity.  Thus,  while  the  mechanisms 
are  not  well  understood,  it  appears  that  small  concentrations  of  H  in 
solid  solution  have  a  major  effect  on  enhancing  dislocation  motion. 


IV.  Conclusions 

While  only  a  brief  summary  of  our  results  have  been  presented  we  can 
draw  the  following  conclusions  concerning  hydrogen  related  fracture  of  Ni: 

(a)  IG  fracture  of  Ni  in  H  gas  occurs  when  S  segregation  exists 
at  grain  boundaries.  In  the  absence  of  S  segregation  a  TG 
mode  is  observed. 

(b)  IG  fracture  of  Ni  containing  solute  hydrogen  occurs  whether 
or  not  S  segregation  at  grain  boundaries  occurs. 

(cl  Mg  and  Mn  can  act  as  traps  for  S  to  prevent  segregation  at 
the  grain  boundaries. 

(d)  The  IG  and  TG  fracture  process  as  result  from  a  localized 
deformation  process  at  the  crack  tip.  The  importance  of  H 
enhanced  plastic  processes  at  crack  tips  was  first  suggested 
for  steels  by  Beachcm  (9)  . 

(e)  Hydrogen  in  solution  at  low  concentration  levels  results  in 
enhanced  dislocation  generation  and  motion. 

(f)  The  TG  fracture  mechanism  is  related  to  hydrogen  enhanced 
plasticity  along  111  planes  in  front  of  the  crack  tip. 
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(3c)  -  Intergranular  fractara  showing  liuge  COD  and  large  shear 
dlsplacaaents  along  adjacent  grain  boundaries. 

(3d)  -  Transgranular  fracture  showing  large  COD  and  the  slip  sons 
In  front  of  tha  crack* 
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Fig.  4  -  HVEM  micrographs  of  propogatlng  cracks* 

(4a)  -  Noncryataliographlc  fracturs  for  speclaaaa  stressed  la 
Vacuua* 

(4b)  -  Sana  as  (a).  Crack  tip  rsgloa  showing  "hols"  fonatloa  In 
front  of  the  main  crack* 

(4c)  -  Crystallographic  fracturs  for  spsclasns  strasssd  la  HL  gas* 
Fracturs  surfaces  ars  ths  {111}* 

(4d)  -  Sans  as  (c)*  Ths  thinned  regions  along  ths  fracture  surfaces 
result  froa  slip  along  ths  {111}  causing  ths  sawtooth 
appearance* 

(4e)  -  Dislocation  structure  In  front  of  a  crack  tip  foraed  la  Hg 
gas  showing  Intense  slip  In  front  of  the  crack* 
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